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Summary

Vehicle

This paper presents the results of a computational flow analysis of the McDonnell Douglas

single-stage-to-orbit vehicle concept designated as the 24U. This study was made to determine the

hypersonic aerodynamic characteristics of the vehicle with and without body flaps over an angle of

attack range of 20-40 deg. Computations were made at a flight Mach number of 20 at 200,000 ft.

altitude with equilibrium air, and a Mach number of 6 with CF4 gas. The software package

FELISA (Einite Element langley Imperial Cortege Swansea Ames) was used for all the

computations. The FELISA software consists of unstructured surface and volume grid generators,

and inviscid flow solvers with (1) perfect gas option for subsonic, transonic, and low supersonic

speeds, and (2) perfect gas, equilibrium air, and CF4 options for hypersonic speeds. The

hypersonic flow solvers with equilibrium air and CF4 options were used in the present studies.

Results are compared with other computational results and hypersonic CF4 tunnel test data.

Symbols

AF

Aref

C A =AF /(Aref q_ )

CN=NF/(Aref q,, )

CM=eM/(Arefdref q,_ )

Cp=(p - poo )/qo,

at4

M

NF

P

PM

Axial force, N

Reference area, m 2

Axial force coefficient

Normal force coefficient

Pitching moment coefficient

Pressure coefficient

Reference length for pitching moment, m

Mach number

Normal force, N

Static pressure, N/m 2

Pitching moment about the reference point, Nm



q,_ = p. lz../2

r, R

T.

V.

x

Freestream dynamic pressure, N/m 2

Distances associated with a source, m (see page 4)

Freestream static temperature, K

Freestream velocity, m/s

Distance along the body axis, measured from the nose, m

Angle of attack, deg.

Minimum spacing due to a point source, m (see page 4)

5(x) Grid spacing at a distance x from a point source, m

8bf

8yf

p..

Body flap deflection angle, deg.

Yaw flap deflection angle, deg.

Freestream density, kg/m 3

Subscripts

ref

bf

Yf

reference quantity

Body flap

Yaw flap

Freestream

Introduction

The objective of this study is to determine the effectiveness of the body flap on the

McDonnell Douglas 24U configuration (sketch is shown in Fig. 1). This body is symmetric about

the x-z plane; hence only one half of the body is modeled in the present computations. The body

has a hemispherical nose, followed by a conical mid-section that transitions into a aft-section with a

nearly flat bottom. The body flap is on the underside of this section with its hinge line

perpendicular to the symmetry plane. The yaw flap is on the side of the body with its hinge line

inclined 35 deg. to the body axis. There are two fixed f'ms at 45 deg. to the symmetry plane.

Unstructured grids were used for all the computations reported here. Some of the details of

the unstructured grid generation process are discussed. In hypersonic equilibrium flows the bow

shock in front of a vehicle lies very close to the body. It is important to have adequate grid

resolution to capture this bow shock. A method of obtaining grids that capture such shocks, and

the solution procedure are described.
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Computationsweremadeon the clean configuration (flaps not deflected) and on the

deflected flap configurations (8¥= 20 and 8_= 15 deg.) with the freestream conditions that

correspond to Mach 20 flight at 200,000 ft. altitude. An angle of attack range of 20 to 40 deg. was

covered. The unstructured surface and volume grid generator and hypersonic solver from

FELISA, with equilibrium air option, were used for all the computations at Mach 20.

The Langley hypersonic CF4 tunnel (Ref. 1) is a blow-down tunnel that employs carbon

tetrafluoride as the test gas. The purpose of this tunnel is to provide a conventional test

environment that simulates real-gas effects that occur in hypersonic atmospheric flight (see Ref. 2).

For hypersonic atmospheric flight, normal shock density ratios of 10-20 may be reached, as

compared to a ratio of 6 for ideal gas air. Use of CF4 as the test gas in a conventional blow-down

type wind tunnel provides a testing environment with a normal shock density ratio of 12,

simulating the flow conditions over a vehicle in hypervelocity atmospheric flight. The Langley

hypersonic CF4 (Mach 6) tunnel has been successfully used to simulate hypersonic flow past the

Space Shuttle Orbiter (Ref. 3) and the Aeroassist Flight Experiment (AFE) configuration (Ref. 4).

The 24U body was tested in the Langley hypersonic CF4 tunnel to determine its aerodynamic

characteristics with and without the flaps. In order to simulate these tests, the FELISA solver was

modified by replacing the equilibrium air properties with CF4 gas properties, and was run with the

tunnel test conditions for the freestream.

Present results with the equilibrium air option are compared with similar results obtained

independently by McDonnell Douglas using FELISA software. The present results with the CF4

gas option are compared with experimental data from hypersonic CF4 tunnel tests. Generally there

is a good agreement between computations and test data. However, some significant differences

are noticed between the equilibrium air results at Mach 20 and the CF4 results at Mach 6 for or=40

deg. Possible causes of these differences are discussed.

Unstructured Grid Generation

Designing an unstructured grid that captures the important features of a hypersonic

flowfield is a challenging task. Adaptive remeshing is often employed for this purpose. This

process consists of starting with a relatively coarse grid, computing the flow on that grid, and

using that information to determine the nodal spacings in the adapted grid. Such an adaptive

remeshing procedure generally leads to a grid with small nodal spacings in regions of high

gradients. In a hypersonic flowfield, however, the gradient of flow variables can vary over a wide

range. In such a case, the adaptive remeshing technique often fails to produce satisfactory grids.

Other procedures that enhance grid quality could be used. For example, mesh movement based on

the gradients of a selected flow quantity is possible, but the benefits from this procedure are small.

Mesh enrichment is another possible means of mesh enhancement. However, the user has to be
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verycautiousin usingthis technique;moreoftenthannot thisapproachresultsin extremelylarge

grids.

In the present study, remeshing is not attempted, and mesh enhancements, namely, mesh

movement and enrichment are also not applied. All the computations are made on well designed

grids obtained by the proper choice of the grid spacings. It was necessary to exercise extreme care

in generating these grids, so that flow features are well captured; at the same time, the mesh sizes

are kept within reasonable limits.

An important part of the grid generation process is setting the nodal spacings in the

computational domain so that an optimal grid suitable for the given problem is obtained. In the

FELISA surface and volume grid generation process, the nodal spacings are determined by a

number of point, line, and triangle sources placed in the background grid. Determining the

number, the numerical values for the parameters _1, r, and R, and the location for placing these

sources in the background grid is a major task.

The grid spacing _5(x) at a distance x from a point source is given by the following relation:

_(x) = _51, if x < r

= fil exp[ I(x-r)/(R-r)l log(2) ], ifx > r

This function provides a uniform grid spacing within a sphere of radius r centered at the source,

and a rapidly increasing grid spacing away from it. The grid spacings due to line and triangle

sources are given by similar expressions. It should be emphasized here that properties of the

sources should be chosen with care. Fine spacing could result in an unduly large grid that could

take too much of the computational resources, whereas coarse spacing could lead to a grid that

would result in poor quality solution; in some cases such coarse grids might not work. An

exhaustive description of the sources and the unstructured grid generation process may be found in

the FELISA Reference Manual (Ref. 5).

One of the areas in the computational domain that requires special consideration during the

grid generation for slender bodies in hypersonic flows is the nose region. In hypersonic flows the

bow shock stand-off distance for a body with a hemispherical nose is very small. For example, at

Mach 20 in perfect gas air, the shock stand-off distance is about 14% of the nose radius. The

shock stand-off distance in equilibrium air or in CF4 is even smaller (8% of the nose radius). It is

very important to capture this bow shock well. Further, it is necessary to place about 10 to 12

points between the bow shock and the body so that the flow in the shock layer is well resolved.

Away from the stagnation point, the distance between the body and the shock increases and,

hence, relatively larger spacing may be used away from the stagnation point.

The required grid spacing around the nose is obtained by placing a sufficiently large

number of point sources on the hemispherical nose. The properties of these sources (151, r, and R)
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arechosensothatnearthestagnationpoint thevaluesof 81,r, and R are the least. Generally, 81

is chosen to be 1/15 to 1/20 of the shock stand-off distance, r to be 1.2 times the shock stand-off

distance, and R to be 1.5 times r. For the point sources away from the stagnation point, the

values of _il, r, and R are increased gradually.

Choosing the location and appropriate values for the source parameters requires a prior

knowledge of the shock location around the body. Therefore, the first step is to solve the problem

on a grid having a relatively coarse spacing, and to determine an approximate location for the bow

shock and other flow features. The shock stand-off distance from this exercise should suffice in

determining the spacing (the point source properties) around the nose. The solution on the coarse

grid is also useful in setting the spacings required elsewhere in the computational domain. For

example, a fine grid spacing is required to capture the (oblique) shock generated at the leading edge

of a deflected flap. Further, the solution on the coarse grid can be used to interpolate on to the fine

grid, which will save some computational time on the fine grid.

Figure 2 shows a typical grid in front of the nose on the plane of symmetry. Over 400

point sources were distributed on the hemispherical surface to generate this grid. A simple

FORTRAN code was written to generate the location and the properties of these sources. Figure 3

shows a part of the grid on the plane of symmetry near the deflected flap. Notice the dense grid

designed to capture the oblique shock from the leading edge of the deflected flap.

Flow Solver

The FELISA inviscid hypersonic flow solver algorithm is based on the Haenel flux vector

splitting technique (Ref. 6). More information on the solution algorithm may be found in Bibb, et

al. (Ref. 7). As noted earlier, the scheme conserves total enthalpy and assumes the working

medium to be a perfect gas.

At very high temperatures encountered in hypersonic atmospheric flight, the perfect gas

assumption is not valid. Therefore, extensive changes were made to the solver, and the perfect gas

relations were replaced with equilibrium air relations. Tannehill's curve fits (Ref. 8) were used for

this purpose. Corresponding changes were also made to related post-processing codes. In order

to investigate the differences between the FELISA computational results with equilibrium air and

CF4 tunnel data, the FELISA hypersonic solver was run with CF4 as the working gas. For this

purpose the solver was modified by replacing Tannehilrs curve fits for equilibrium air properties

with simpler algebraic equations for the CF4 gas properties derived by Sutton (Ref. 9). Similar

changes were made in all the post-processing codes as well.

5



Solution Procedure

Initially, the solver was run with the lst-order option at a Courant number of 0.6 for 500

steps. Next, the higher order option was turned on, and the solver was run to convergence with a

CFL number of about 0.3. Well designed grids lead to faster convergence. The residuals and the

maximum and minimum total enthalpies in the flow field were tracked though these iterations. The

integrated quantities, namely the axial and normal forces and the pitching moment, were also

tracked. When the integrated quantities reach steady values, which took typically 800 to 1000

higher order steps, the solution was assumed to be converged. At this point some differences

between the maximum and minimum total enthalpies might be present. It should be noted that the

solution algorithm preserves total enthalpy in the computational domain. Subsequent iterations

drive the total enthalpy variations towards zero; however, these iterations do not lead to any

significant changes in the integrated quantities.

Results and Discussion

Flap Effectiveness Studies in Equilibrium Air:

For all the computations made on the 24U body to determine its aerodynamic characteristics

assuming equilibrium air, the freestream conditions were as follows:

Velocity (Vow) = 6377 m/s

Temperature (T,_) = 253 K

Density (p,_) = 2.5109E-4 kg/m 3

These conditions correspond to a flight Mach number of 20 at an altitude of 200,000 ft. The forces

and moments were non-dimensionalized in the standard way using the following reference

quantities:

Ref. area (Are f) = 49.803 m 2 (=77,195 sq. in.) equal to the body cross-sectional

area at the end of the conical section

Ref. length (dref) = 28.499 m (=1,122 in.) equal to the body length

Ref. point for CM = 19.379 m (=762.96 in.) aft of nose on the body axis

(68% of the body length behind the nose)

The results of this study are summarized in Table 1, and are shown graphically in Figs. 4-

6. It should be noted that the force and moment coefficients are for the forebody only, and do not

include the contributions from the base. Similar computations were made independently by

McDonnell Douglas on the same configuration using the FELISA equilibrium air code but using

entirely different grids. Their results (referred to as MDC) are also shown in Figs. 4-6. It is

gratifying to note that MDC results agree well with the present computations.

It should be noted that the present computations assume inviscid flow. The effect of

viscosity on the aerodynamics of slender bodies is primarily on the axial force. Inviscid

computations underpredict the axial force because of the absence of skin friction. Also, flow
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separationson thebodycouldalterthepressuredistribution,leadingto changesin normalforce

andpitchingmoment.However,ona slenderbodylike the24U,therearenot likely to beany

significantflow separationsup to cz--40deg. Hence,it is expectedthatthepresentinviscid

computationswouldpredictaccuratevaluesof normalforceandpitchingmoment.
Theflapsarelocatedontheaft sectionof thevehicle. Deflectionof theseflapsdonot have

anysignificantinfluenceon thepressuredistributiononotherpartsof thebody. Hence,the
contributionto aerodynamicloadsdueto flapdeflectioncanbeeasilyisolated.

Variationof axial forcecoefficient,CA, with cz is shown in Fig. 4. As expected, deflection

of the body flap by 20 deg. increases the CA significantly. This increment increases from 0.186 at

o_ = 20 deg. to 0.323 at cz = 40 deg. Deflection of the yaw flap by 15 deg. also increases CA, but

this increase is relatively small (SCA = 0.020) and is the same at o_ = 30 and 40 deg.

Variation of normal force coefficient, CN, with o_ is shown in Fig. 5. The body flap

deflection increases the normal force coefficient significantly. Upon close examination, it can be

observed that the increment in the normal force coefficient due to the body flap deflection increases

from 0.409 at cz = 20 deg. to 0.615 at o_= 30 deg., and then decreases to 0.556 at ct= 40 deg.

Deflection of the yaw flap by 15 deg. also increases CN, but this increase, as in the case of axial

force, is relatively small (_SCN= 0.013), and appears to be the same for cz = 30 and 40 deg.

Variation of pitching moment coefficient, CM, with o_is shown in Fig. 6. The 20 deg.

body flap deflection results in a large nose down pitching moment. This nose down pitching

moment increment increases from -0.147 at o_= 20 deg. to -0.208 at o_= 30 deg. and then drops to

-0.193 at o_ = 40 deg. This trend is consistent with the observed trend in the normal force

coefficient. The cause of this becomes clear when we examine the flow on and around the flap in

one of the following sections. As before, the contribution due to the yaw flaps is small ( 8CM =

0.O036).

Flap Effectiveness Studies in CF4:

The 24U body was tested in the Langley hypersonic CF4 tunnel to determine the

contribution to CN and CM from the body flap deflected by 25 deg. It was expected that these test

results would be representative of the aerodynamic data of the vehicle in hypersonic flight. In

order to simulate these tests, computations were made on the 24U body at a nominal Mach number

of 6 with CF4 gas instead of equilibrium air. The freestream conditions for these computations

were as follows:

Velocity (V_) = 842.3 m/s

Temperature (T_) = 166 K

Density (p,,o) = 1.739E-2 kg/m 3

These conditions correspond to those in the Langley hypersonic CF4 tunnel during the tests on the

24U body. Computations were made at three different angles of attack, with and without the flap
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deflection. Theresultsaresummarizedin Table 2, and shown graphically in Figs. 7 and 8.

Results from the hypersonic CF4 tunnel tests on a 24U model are also included in these figures.

The reference area and length, and the pitching moment reference point for these results are the

same as in the case of the equilibrium air. As in the case of equilibrium air computations, the force

and moment coefficients are for the forebody only (i.e., do not include base effects).

It should be emphasized that the present computations assume inviscid flow. Hence, no

attempt has been made to compare computed axial force coefficients with those measured in the

CF4 tunnel tests. The effect of viscosity is to introduce skin friction, thereby increasing the axial

force. Flow separation due to viscous effects would affect the pressure distribution on the body,

thereby affecting the loads on the body. But, as noted earlier, for a slender body like the 24U,

there is no likelihood of significant separation up to moderate angles of attack (40 deg.). Hence, it

is expected that inviscid computations would predict the normal force and the pitching moment

with good accuracy.

Variation of the computed normal force coefficient, CN, with o_ is shown in Fig. 7 for clean

(Sbf --0, 8yf =15 deg.), as well as for the body flap deflected (6bf =20, _Sy[=15 deg.), cases.

Experimental data from the CF4 tunnel tests are also shown in the figure. The computed C_, values

seem to be consistently higher than the experimental data by about 5% for the clean, as well as flap

deflected, cases; thus, the computed values of CN due to body flap deflection are judged to be in

good agreement with the experimental data. Unlike the equilibrium air case, this value seems to

steadily increase with the angle of attack up to o_ = 40 deg. The effect of deflecting the yaw flap

by 15 deg. is to increase the CN by approximately 0.033.

Variation of the computed pitching moment coefficient, CM, with a is shown in Fig. 8,

along with the CF4 tunnel test data. There is a good agreement between the computed results and

the CF4 tunnel test data. An interesting observation in this figure is that the body is unstable when

the body flap is not deflected; however, when the body flap is deflected by 20 deg., the body

becomes neutrally stable (slope of CM vs. o_ curve is zero). Unlike the equilibrium air case,

contribution of the deflected flap to CM increases steadily with angle of attack through o_ = 40 deg.

This is consistent with the observed behavior in the CN. Deflection of the yaw flap by 15 deg.

causes a nose down pitching moment of approximately 0.0094.

Discussion:

The equilibrium air computations for the 24U body predict that the normal force due to the

body flap deflection increases up to or=30 deg. and then decreases somewhat. The pitching

moment also exhibits a similar trend. Such a drop in the normal force due to the flap deflection is

not observed either in the CF4 computational results or in the CF4 tunnel test data. This is an

unexpected result. In the past, computations with CF4 gas gave good agreement with

measurements for the Space Shuttle Orbiter (Ref. 3) and the AFE body (Ref. 4).



Theprimarycauseof thedifferencesin theequilibriumair andCF4resultscanbetracedto

thedifferencesin theflow aboutthedeflectedflap. Figures9, 10,and 11showpressurecontours

ontheplaneof symmetrynearthedeflectedflap for o_= 20, 30,and40degrees,respectively. It

maybeseenin thesefiguresthatfor agivenangleof attack,thebow shockoriginatingat thenose
is closerto thebodyfor equilibriumair thanfor CF4. Theshockstand-offdistancefor a given

bodyis determinedprimarily bythedensityratiobehindtheshock.Thenormalshockdensityratio

atthenoseregionwasfoundto beabout15.3for equilibriumair comparedto avalueof about
11.8for theCF4. Thiscausesthebow shockin front of thenoseto lie closerto thesurfacefor the

equilibriumair case.Similarly, thedensityratio in front of theobliqueshockdueto theflap for
equilibriumair is 9 comparedto avalueof 7 for theCF4case(SeeFigures12). Thehigher

densityratioacrossthebow shockin theregionupstreamof theflap causestheshockto lie closer
to thesurfacefor theequilibriumair casecomparedto theCF4case.

Thebow shockinteractswith theobliqueshockoriginatingfrom theleadingedgeof the

deflectedflap (asshownin Figs.9-11),leadingto complexflow patterns(See,e.g.,Ref. 10). If
flow from theshockinteractionimpingeson theflap, thenthepressuredistributionon theflap is

dramaticallychanged.ForCF4,atanglesof attackup to 30deg.thebow shockdetachment

distanceis sufficientlylargeto avoidashockinteractionin thevicinity of theflap. However,since

thebow shockis closerto thebodyfor equilibriumair, theshockinteractionoccursin the

immediatevicinity of theflap,andtheresultingflow affectsthepressuredistributionon theflap.

As theangleof attackis increasedfrom 20 to 40deg.,thebow shockmovesprogressively
closerto thebodyin bothCF4andequilibriumair cases.Again,theshockis furtherawayfrom

thebodyfor theCF4casecomparedto theequilibriumair case. In bothcases,thebowshocks

intersecttheobliqueshockscausedby theflap,andthecomplexflows resultingfrom theseshock

interactionsaffecttheflow on theflaps. However,in theequilibriumair case,amuchlargerarea

of theflap is affectedby theinteractionfor agivenangleof attack.

ThecomputedCp distribution on the body at the symmetry plane for both Mach 20

equilibrium air and Mach 6 CF4 are shown in Figs. 13-15. The Cp distribution on the flap (x >

1000 in) shows a peak close to the hinge line. Peaks in the Cp distribution in the vicinity of the

hinge lines have been observed experimentally, and viscous flow computations have successfully

reproduced such results. The origin for such a peak lies in the flow separation ahead of the flap

hinge line, and subsequent flow reattachment. The present computations are inviscid, and the

source of the pressure peak in the present results is not clear.

At ot = 20 deg. the Cp distribution on the flap center line for CF4 (Fig. 13) is nearly

constant, whereas for equilibrium air, Cp increases towards the trailing edge of the flap. This rise

is partly due to the fact that the flow approaching the flap is not uniform. It is also a characteristic



of the flow resulting from shock interactions. The average pressure on the flap is greater in

equilibrium air than in CF4.

At o_ = 30 deg. the effect of the shock interaction can be clearly seen for the equilibrium air

case; the Cv rises sharply, and then drops to a low value at the flap trailing edge (see Fig. 14).

Such a peak is not seen for the CF4 case, suggesting that the shock interaction is not affecting the

pressures on the flap surface.

At cz = 40 deg. the Cp distribution for CF4 (Fig. 15) has a peak close to the flap trailing

edge, indicative of the influence of a shock interaction. The peak in the Cp distribution for the

equilibrium air case has moved much closer to the flap leading edge. This is a result of the shock

interaction occurring closer to the body. This leads to loss of normal force due to the flap and

reduced flap effectiveness. These inferences fully concur with the earlier observation made by

examining the pressure contours.

As previously cited, high quality aerodynamic data for the Space Shuttle Orbiter and the

AFE body were obtained in the hypersonic CF4 tunnel. Both of these bodies are blunt compared

to the 24U. Hence, the shock stand-off distances for these bodies are larger compared to the shock

stand-off distance for the 24U. This, combined with only a 16 deg. flap deflection on the Space

Shuttle Orbiter, mitigated possible shock interaction in the earlier computations on the Space

Shuttle Orbiter. In the present case the 24U has a slender body, and the flap deflection considered

is 20 deg. These factors led to shock interaction, and a loss of effectiveness of the flap at o_--40

deg.

Conclusion

Computations were made on the McDonnell Douglas single-stage-to-orbit vehicle

designated as the 24U to determine the aerodynamic characteristics with and without the body flap

for Mach 20 flight conditions assuming equilibrium air. Similar computations were made

assuming CF4 gas, and the freestream corresponding to the Langley hypersonic CF4 (Mach 6)

tunnel test conditions. The computed equilibrium air results compared well with other similar

computational results, and the computed CF4 results compared well with hypersonic CF4 tunnel

test data. Also, there was good agreement between equilibrium air and CF4 results up to o_=30

deg. However, when the angle of attack was increased from 30 to 40 deg., the loads due to the

flap deflection dropped in the equilibrium air case, whereas they continued to increase in the CF4

case.

This difference between equilibrium air and CF4 computations at o_--40 deg. with the body

flap deflected 20 deg. is totally unexpected. In the past, CF4 computations gave good agreement

for the Space Shuttle orbiter as well as the AFE body. Close examination of the computed

pressure contours for cz--40 deg. near the body flap reveals significant differences in the flow over

the deflected flap in the equilibrium air and the CF4 cases. There is a strong shock interaction in
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theequilibrium air case that leads to significant changes in the pressure distribution on the flap.

Although there is a shock interaction in the CF4 case also, it occurs further away from the flap, and

the pressure distribution on the flap is not significantly affected. In the earlier computations on the

AFE body, there were no such complex flows. The Space Shuttle Orbiter has a blunt nose, which

results in a relatively large shock stand-off distance. This large shock stand-off distance,

combined with a smaller flap deflection (16 deg.), mitigated the shock interaction on the flap. The

24U is a slender body, causing the shock to lie close to the body, leading to the shock interaction

effects.
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Table 1

SUMMARY OF THE COMPUTED AERODYNAMIC DATA ON
THE 24U BODY IN EQUILIBRIUM AIR

Flight Conditions: Moo= 20 (Nominal), Voo = 6377 m/s, Too = 253K, poo = 2.5109E-4 kg/m 3

tx, deg. Flap deflections, deg. CA CN CM

(Body) (Yaw)

Mesh

20

30

40

20

30

40

30

40

NOTES:

1.

2.
3.

4.
5.
6.
7.

0 0 0.294 1.040 0.0770

0 0 0.384 1.704 0.1282

0 0 0.463 2.505 0.1600

20 0 0.480 1.449 -0.0704

20 0 0.669 2.319 -0.0803

20 0 0.786 3.061 -0.0331

0 15 0.402 1.716 -0.1247

0 15 0.484 2.519 -0.1563

Reference area = 77,195 sq. in. (equal to the cross-sectional area at the end of the conical part
of the body)
Reference length = 1,122 in. (equal to the body length)
Moment ref. point 762.96 in. aft of nose (on the axis at 68% of the body length behind the
nose)
Meshes 1, 2, 3, and 6 have over 400K nodes.
Meshes 4 and 5 have over 600K nodes.
Meshes 7 and 8 have over 490K nodes.

CA, CN, and C M values do not include contribution from the base.
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Table 2

SUMMARY OF THE COMPUTED AERODYNAMIC DATA ON

THE 24U BODY IN CF4

Test Conditions: M._= 6 (Nominal), V.o = 842.3 m/s, T.o = 166K, t3.o = 1.739E-2 kg/m 3

0_, deg. Flap deflections, deg. CA CN CM

(Body) (Yaw)

Mesh

30 20 0 0.596 2.293 -0.0240

40 20 0 0.775 3.180 -0.0231

30 0 15 0.398 1.869 0.1233

40 0 15 0.492 2.669 0.1589

20 20 15 0.445 1.481 -0.0383

30 20 15 0.621 2.328 -0.0336

40 20 15 0.800 3.211 -0.0323

NOTES:

1. The reference quantities are the same as those used for equilibrium air case.
2. Mesh 1 has over 450K nodes.
3. Meshes 2-6 have over 600K nodes.

4. CA, CN, and CM values do not include contribution from the base.
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z c_

Conical section _ Mo_

Hemishpherical nose

- 19.379 m

(762.96 in.)

.t Length = 28.498 m

(1122 in.)

- /----- Yaw flap hinge line

C N

Fin\, k

Deflected body flap

Fig. 1 A sketch showing the 24U body with fin and deflected flap
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Hemispherical part of the body

Fig. 2 A part of a typical unstructured grid on the symmetry plane near the stagnation point

Underside of the body

Flap

e grid to capture

flap shock

\ I J _\ / ',_ / _ Flow exit plane

\

Fig. 3 A part of a typical unstructured grid on the symmetry plane near the deflected flap
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Variation of axial fore coefficient with angle of attack for the 24U at Mach 20 in equilibrium air

Fig. 5
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Angle of Attack, deg.

Variation of normal fot_e coefficient with angle of attack for the 24U at Mach 20 in equilibrium air
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0.2

C, 0.1

0.0

-0.115

Fig. 6
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Angle of attack, deg.

Variation of pitching moment coefficient with angle of attack for the 24U at Mach 20 in equilibrium air
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Fig. 7 Variation on normal force coefficient with angle of attack for the 24U at Math 6 in CF,
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Variation of pitching moment coefficient with angle of attack for the 24U at Mach 6 in CF 4
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[Equilibrium Air] _ Flap hinge

Flow • _°e/'ace

M =20, a=20 deg. Bow sh_k fcr the ro_e/

Oblique shock from the flap leading edge

[-_ //]_ap hinge
Underside of the body .................

M=6, a=20 deg. Bow shock for the nose _

Oblique shock from the flap leading edge

Fig. 9 P_ssu_ contours on the symmetry plane near the flap for the 24U body

in equilibrium air (M =20) and CF 4 (M--6) at a=20 deg.

]Equilibrium Air I j Flap hinge

_ Underside of the body .__ ...............

_ ]Clal_ s_fae e

Flow ?" /
M -20 a=30 deg Bow shock from the nose /

Oblique shock from the flap leading edge

_ap hinge
Underside of the body

Flow -- "_-

M.=6, a=3() deg Bow shock for the nose "_

Oblique shock from the flap leading edge

Fig. 10 Pressm_e contours on the symmetry plane near the flap for the 24U body

in equilibrium air (M =20) and CF 4 (M--6) at a=30 deg.
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Equilibrium Air ]

Underside of the body

Oblique shock from the flap leading edge

Flow

M=20, 0.--40 deg.

Underside of the body

Flow _ /M=6, o..._0 deg.
Bow shoc Obliql

Fig. 11 Pressure contours on the synuneUy plane near the flap for the 24U body

in equlilbdmn air(M =20) and CF, (M.=6) at o,=40 deg.

Level p/p.

_quillbrlum Alr] c 31

B 28

9 22

_ 8 19

7 16

_¢_°__w2 6 13
0 0.=40 deg 5 ]0

4 9

Fig. 12 Demity contours on the symmetry plane near the flap forthe 24U

body in equilibrium air (M --20) and CF 4 (M=6) at ¢x=40 deg.
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Equilibrium Air
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Flap hinge line is at x=1000 in.
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_._ Windward side
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distanceform nose (x),in.

Fig. 13 Centedlne Cp dlsldlmflom on the 24U body in equilibrium dr (M =20) and CF. (M.=6)
flows st c_=20 delz. with 20 deg. body flap deflect/on
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Fig. 14 Cemedlne C v dlslrllmt/onson the 24U body Inequllibdum air(M.ffi20)and CF 4 (M=6)

flows at c_=30 deg. with 20 deg. body flap deflect/on
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Fig. lS Centerline Cp distributions on the 24U body in equilibrium air (M.=20) and CF, (Mr6)

flows at cx=40 deg. with 20 deg. body flap deflection
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